. Effector proteins of the SidE family (SdeA, SdeB, SdeC and SidE) were previously shown to be essential for the virulence of L. pneumophila against its natural host amoeba 8 . By protein-sequence analysis, Qiu et al. found a mono-ADP ribosyltransferase (mART) motif in all members of this family. They show that the mART motif is essential for SdeAmediated toxicity in both yeast and mammalian cell culture. Unexpectedly, however, purified SdeA exhibited no detectable ADP-ribosylation activity, indicating that it might have a different biochemical function.
To investigate further, the authors turned to Rab proteins, which are major targets of L. pneumophila effectors 6 . They found that co-expression of SdeA with various Rab proteins in human cells led to the covalent modification of two of these proteins, Rab1 and Rab33, which are associated with the intracellular membrane structure known as the endo plasmic reticulum. This modification depended on the mART motif of SdeA and was also seen during infection of human cells with L. pneumophila containing wildtype SdeA, but not when SdeA had a mutated mART motif.
Mass spectrometry revealed ubiquitin peptides in the modified Rab proteins but not in the unmodified ones, suggesting that SdeA ubiquitinates Rab proteins during L. pneumophila infection. However, ubiquitination of Rab33 by SdeA was not detected in an in vitro reaction performed in the presence of E1, ATP and various E2s, suggesting that the standard cellular enzyme cascade does not mediate this reaction. The authors then tested the ability of SdeA to modify Rab33 in the presence of both untreated and boiled human cell lysate, and observed ubiquitination in both cases, indicating that a non-protein cofactor is crucial for this process (proteins are denatured by boiling). The molecule NAD is the natural cofactor for the ADP-ribosylation mediated by other mART-containing proteins 9 -indeed, adding NAD but not ATP and/or magnesium ions (cofactors involved in standard ubiquitination) to reaction mixtures containing only SdeA, ubiquitin and Rab33 resulted in the ubiquitination of Rab33.
These observations mark the first report of substrate ubiquitination that is independent of E1 and E2 (Fig. 1b) . Although the mechanistic details of SdeA-mediated ubiquitination are yet to be resolved, Qiu et al. present glimpses of the reaction intermediates (uncovered by mass spectrometry), which, as expected, differ from E1-dependent ubiquitination. In E1-catalysed activation, ubiquitin's carboxy terminus is modified by adenylation at the expense of an ATP; this is followed by the transfer of ubiquitin to the active-site cysteine residue of E1 and release of an AMP molecule 10 . By contrast, SdeA seems to catalyse the addition of ADP-ribose to the arginine-42 residue of ubiquitin with the help of NAD, releasing nicotinamide. The modified ubiquitin is subsequently transferred to the substrate protein through an unknown mechanism that results in the release of AMP (Fig. 1b) .
In another deviation from the normal ubiquitination mechanism, SdeA shows no detectable difference in ubiquitination of Rab33 when using wild-type ubiquitin, ubiquitin lacking the two C-terminal glycine residues, or ubiquitin lacking all the surface lysine residues. It thus remains to be seen which residues of ubiquitin and Rab33 participate in the covalent linkage that is catalysed by SdeA. The authors also observed forms of Rab33 with multiple ubiquitin attachments. This may be explained by conjugation of multiple monoubiquitins or by the formation of polyubiquitin chains. Detailed structural and biochemical studies are required to address these points.
Qiu and colleagues find that SdeA-mediated ubiquitination of Rab33 has only a moderate effect on the protein's activity, and is not sufficient to explain the potent toxic effect of SdeA in cells. It is possible that more substrates exist for SdeA in vivo, and an unbiased screen will be needed to search for these. Undoubtedly, many researchers will also be curious about whether other proteins carry out ubiquitination independently of E1 and E2. Prime suspects for testing could be the bacterial-toxin-related mammalian proteins that contain mART motifs 11 . 
NUCLEAR PHYSICS

Elusive transition spotted in thorium
The highly precise atomic clocks used in science and technology are based on electronic transitions in atoms. The discovery of a nuclear transition in thorium-229 raises hopes of making nuclear clocks a reality. See Article p.47
T he ability to build increasingly accurate clocks has led to technological advances such as the Global Positioning System, and has enabled tests of fundamental physics. Currently, the best clocks are based on transitions between the electronic states of atoms. On page 47 of this issue, von der Wense et al. 1 report the direct detection of a nuclear transition in thorium. This transition could provide the basis for a new kind of clock that would be even more precise than atomic clocks.
The first things required to build a clock 2 are some periodic events. Over the ages, the Sun rising and disappearing over the horizon provided such a reference. But to keep time accurately, one needs a periodic system that repeats its cycles at a higher frequency than this; one cycle a day will not do. Mechanical resonators, such as pendulum clocks, spring clocks and quartz-crystal resonators, were designed to serve as these periodic systems. A perfect, naturally occurring oscillator -an electronic transition in caesium atomseventually became the basis for the interval of time known as the second, which is defined as the duration of 9,192,631,770 cycles of this transition. Electronic transitions in atoms, albeit with much higher frequencies than the caesium transition, now form the basis of optical atomic clocks. These contain an oscillator that is tuned to the same frequency as the chosen atomic transition, and a frequency comb (a lasergenerated spectrum composed of uniformly spaced lines) that counts the tuned oscillation cycles. The world's most accurate atomic clock is based on an optical transition in strontium atoms trapped by laser light, and is so precise that it will neither lose nor gain 1 second in 15 billion years 3 . Von der Wense et al. report a milestone towards using a different type of reference oscillatory signal as the basis for a clock: a nuclear transition that occurs between an excited state (isomer) of the thorium-229 ( 229 Th ) isotope and the corresponding ground state. A great attraction of a nuclear clock 4 is that it would be less sensitive to the external perturbations that cause the largest systematic errors in atomic clocks, such as electric fields and black-body radiation.
But you can't build a clock from just any nucleus. Despite the vast number of nuclear transitions that exist, almost all of them have transition frequencies that are between 10,000 and 1 million times too high for use in a nuclear clock. Only the nuclear transition in 229 Th is expected to be sufficiently long-lived and to lie in the frequency range accessible by modern laser technologies. This transition should cause the nucleus to emit radiation 5, 6 that has a wavelength in the range of 150-170 nano metres, but after more than a decade of searching 4 , no such emission has been observed.
Von der Wense and colleagues provide much-needed direct confirmation that the nuclear isomer responsible for the transition actually exists. Its half-life should depend on whether the thorium atom is neutral, with all its electrons present, or is one from which some electrons have been torn off, making it a positively charged ion. For neutral thorium, the isomer should decay to its nuclear ground state mainly by a process called internal conversion, which causes the emission of an electron. This decay process is fast -it is predicted 7 to have a half-life of just a few microseconds. By contrast, in thorium ions, the isomer decays by emitting an ultra violet photon, a process that has a much longer half-life (minutes to hours, depending on the energy of the transition 7 ). The authors searched for electron emission -the signature of decay by internal conversion -in their experiments. They began by producing 229 Th ions as decay products from uranium-233. The resulting ion beam was purified to remove elements other than 229 Th, and was then attracted to the surface of a detector (Fig. 1) . Here, the thorium ions can acquire electrons by charge exchange with the detector's surface, forming neutral thorium atoms. The resulting thorium isomers then quickly decay by internal conversion, emitting an electron that triggers a secondary cascade of electrons. These electrons were finally accelerated to collide with a phosphor screen, generating visible light that was detected by a camera.
Von de Wense and colleagues carried out an extensive series of tests to confirm that the observed signals definitely came from the isomeric decay of 229 Th, rather than any other source -in particular, short-lived nuclides formed from the 233 U decay chain, or from other isomers. In addition to providing the first direct evidence of the decay, the experiment confirmed that the transition energy is between 6.3 and 18.3 electronvolts, and that the isomeric half-life is less than 1 second for neutral thorium atoms, but more than 60 seconds for dipositive thorium ions (Th   2+   ) . What are the next steps towards making a nuclear clock? First, it is imperative to measure the transition energy more precisely. The smaller the uncertainty of the energy, the easier it will be to excite the transition in thorium nuclei using lasers and then to detect the ultraviolet photons that result from the isomer's decay -such detection is a crucial proof of principle before clock design can start. Second, the half-life of the isomer needs to be confirmed, to ensure that it is in the acceptable range for clock design. Finally, the energy of the 229 Th transition is much larger than those of the electronic transitions used in atomic clocks. This presents practical problems for the implementation of a nuclear clock, which will need to be overcome. If all goes well, a 229 Th clock could be about ten times more accurate than current atomic clocks 8 . But why do we want to build better clocks? Because every time that clock precision has improved, new and frequently unexpected applications have emerged. One specific reason to use 229 Th for a clock is to test for possible variation in the value of fundamental constants, such as the fine-structure constant, because the transition in the 229 Th nucleus is a particularly sensitive probe for such experiments 9 . Variation in fundamental constants has been suggested theoretically 10 , and hinted at in astrophysical observations 11 . It has also been proposed 12 that ultra-precise clocks could be used to search for dark matter -the 'missing' matter in the Universe.
Moreover, networks of clocks can be used as 3D gravity sensors -the current best clocks can detect the gravitational shifts that occur when the clocks are moved to a position just 2 centimetres higher than their original position 2 . Precise and fast measurements with such a network could be used in the future to monitor volcanic magma chambers, and perhaps even to predict earthquakes 13 . In the meantime, the precision of optical atomic clocks is improving rapidly, and so the race to produce better clocks is on. ) in which the nucleus is in an excited state. b, The ions are attracted to the surface of a detector, where they capture electrons to generate neutral atoms. c, The excited state decays through an internal-conversion process, which causes an electron to be emitted. d, The emitted electron triggers a cascade of electrons, which collide with a phosphor screen, causing visible light to be produced.
